Suboptimal cellular DNA repair capacity (DRC) has been shown to be associated with enhanced cancer risk, but genetic variants affecting the DRC phenotype have not been comprehensively investigated. In this study, with the available DRC phenotype data, we analyzed correlations between the DRC phenotype and genotypes detected by the Illumina 317K platform in 1,774 individuals of European ancestry from a Texas lung cancer genome-wide association study. The discovery phase was followed by a replication in an independent set of 1,374 cases and controls of European ancestry. We applied a generalized linear model with single nucleotide polymorphisms as predictors and DRC (a continuous variable) as the outcome. Covariates of age, sex, pack-years of smoking, DRC assay-related variables, and case-control status of the study participants were adjusted in the model. We validated that reduced DRC was associated with an increased risk of lung cancer in both independent datasets. Several suggestive loci that contributed to the DRC phenotype were defined in ERCC2/XPD, PHACTR2, and DUSP1. In summary, we determined that DRC is an independent risk factor for lung cancer, and we defined several genetic loci contributing to DRC phenotype. Cancer Res; 73(1); 256-64. Ó2012 AACR.
Introduction
There will be an estimated 226,160 incident cases of lung cancer and 160,340 deaths in the United States in 2012 (1) . Most are directly attributed to tobacco smoking. Tobacco smoke contains benzo [a] pyrene [B(a)P], a polycyclic aromatic hydrocarbon (PAH) compound that is a classic DNA-damaging carcinogen. Bioactivation of B(a)P in vivo generates highly toxic intermediates, such as B(a)P diol epoxide (BPDE) that can irreversibly damage DNA by forming DNA adducts through covalent binding or oxidation (2) (3) (4) (5) . BPDE-DNA adducts can block the transcription of an essential gene (6) , if they are not repaired efficiently by the nucleotide excision repair (NER) pathway (7, 8) .
Differential susceptibility to carcinogenesis is suggested by the fact that only a fraction of cigarette smokers develop smoking-related lung cancer (9, 10) . This variation has been suggested to be due, in part, to the genetically determined variation in carcinogen metabolism (11, 12) and/or variability in DNA repair capacity (DRC; refs. 13, 14) . We have previously reported that suboptimal DRC is a marker for genetic susceptibility to lung cancer (15) (16) (17) , in which the DRC phenotype was measured in vitro in short-term cultured lymphocytes using the host-cell reactivation assay with a BPDE-treated reporter gene, chloramphenicol acetyltransferase (CAT). There is also a considerable interindividual variation in DRC, which is likely attributed to genetic variation in DNA repair genes (18, 19) , Although polymorphisms in DNA repair genes have been reported to be associated with risk of lung cancer (20) , genetic determinants of DRC remain to be identified.
We reported a genome-wide association study (GWAS) of histopathologically confirmed non-small cell lung cancer (NSCLC) with genotyping of 317,498 tagging single nucleotide polymorphisms (SNP) in a series of 1,154 ever-smoking lung cancer cases and 1,137 ever-smoking controls in a Texas population of self-reported European descent (21) . In this study, we aimed to identify more comprehensively novel loci modulating the DNA repair phenotype. The DRC data were available for 1,774 individuals included in the published lung cancer GWAS that we used as the discovery phase to identify variants predicting the DRC phenotype. Comparable data were available for an additional 1,374 independent cases and controls for the replication phase.
Materials and Methods

Study populations
The study participants were patients with lung cancer and cancer-free healthy control subjects, who were U.S. residents of European ancestry. Between September 1995 and April 2008, patients with histopathologically confirmed lung cancer were accrued for an ongoing and previously described molecular epidemiologic study (21) on susceptibility markers for lung cancer at The University of Texas M.D. Anderson Cancer Center (Houston, TX). There were no age, sex, or stage restrictions. Healthy controls without a previous diagnosis of cancer (except for nonmelanoma skin cancer) were recruited from the Kelsey-Seybold Clinics, Houston's largest private multispecialty physician group that has a network of 23 clinics and more than 300 physicians. This National Institute of Cancer-funded research was approved by the M.D. Anderson Cancer Center and Kelsey-Seybold Institutional Review Boards (Houston, TX). The discovery-phase subjects, all ever smokers, were used in the primary analysis from a published GWAS of lung cancer (21) . For the replication phase, we included subjects from the same study source, who were not included in the GWAS, and for whom comparable data on DRC were available. Unlike the discovery population, the replication-phase subjects included never smokers, defined as those who smoked less than 100 cigarettes in their lifetimes. After data quality control, DRC data and complete demographic information were available for 1,774 individuals in the discovery set (914 NSCLC cases and 860 controls) and for 1,374 individuals in the replication set (679 cases and 695 controls; Table 1 ). Informed consent had been obtained from all study participants before the collection of epidemiologic data and blood samples by trained MD Anderson staff interviewers.
Host-cell reactivation assay
DRC was measured in cultured peripheral lymphocytes using the host-cell reactivation assay with a reporter gene damaged by BPDE (16) . Briefly, the assay uses a BPDE-damaged nonreplicating recombinant plasmid (pCMVcat) harboring a CAT reporter gene used in the transfection. Because even a single unrepaired BPDE-DNA adduct can block the CAT transcription, any measurable CAT activity will reflect the ability of the transfected cells to remove BPDE-induced DNA adducts from the plasmids. Before the transfection, the cultured T lymphocytes from peripheral blood are stimulated by phytohemagglutinin so that they can uptake the plasmids. Duplicate transfections with either untreated plasmids or BPDE-treated plasmids are always conducted in parallel. The CAT activity is quantified by adding chloramphenicol and 3 H]diacetylated chloramphenicols with a scintillation counter. DRC is reported as the ratio of the radioactivity of cells transfected with the treated plasmids to that of cells transfected with the untreated plasmids. Assuming that the transfection efficiencies of BPDE-treated and untreated plasmids are equal (22) , this ratio reflects the percentage of damaged CAT reporter genes repaired within lymphocytes transfected with the BPDE-treated plasmids.
Genotyping
Genotyping for the discovery set was conducted using the Illumina HumanHap300 BeadChip. We retained 303,669 autosomal SNPs after conducting quality control for the 1,774 subjects using PLINK to exclude SNPs with a call rate less than 95%, with minor allele frequency less than 0.01, and with deviations from Hardy-Weinberg equilibrium (P < 0.0001; Table 1 . Distribution of demographic characters in discovery 21) . Genotyping for the replication set was conducted using Illumina BeadXpress 384-plex on the 1,374 subjects. The SNPs had a design score more than 0.7 and the calling rate was more than 99%.
Statistical analysis
DRC was analyzed as a continuous variable. Student t test was used to compare the differences in DRC between cases and controls in the discovery, replication, and combined datasets. Logistic regression models were used to calculate crude and adjusted ORs and confidence intervals (CI). The median DRC of control subjects was used as the cutoff value: values more than the median were considered to be high DRC and values below the median were considered to be low/suboptimal DRC. The quartiles of DRC in control subjects were used to calculate the DRC dose-effect on lung cancer risk. Adjusted ORs were calculated by fitting unconditional multivariate logistic regression models with adjustment for age, sex, pack-years of smoking, and DRC assay-related variables including blastogenic rate (after the phytohemagglutinin stimulation), cell storage time (the difference between the date when the DRC assay was conducted and date of blood collection), baseline CAT expression levels (for the undamaged plasmids), and assay conducting dates. Interactions between DRC and smoking status/sex/ genotypes were tested by using standard unconditional logistic regression models. A more-than-multiplicative interaction was suggested when OR 11 > OR 10 Â OR 01 , in which OR 11 ¼ the OR when both factors were present, OR 01 ¼ the OR when only factor 1 was present, and OR 10 ¼ the OR when only factor 2 was present. Similarly, a more-than-additive interaction was indicated if OR 11 > OR 10 þ OR 01 -1. First, we evaluated the interactions indicating a more-than-multiplicative effect; when the test for multiplicative interaction was not rejected, further tests for additive interactions were conducted by a bootstrapping test of goodness of fit of the null hypothesis of an additive model with no interaction against an alternative hypothesis that permits an additive interaction. To conduct the hypothesis test for additive models, we implemented bootstrapping by using STATA software (version 10.1, STATA Corporation).
In the DRC phenotype and genotype correlation analysis, a generalized linear model was used with SNPs as predictors and DRC (a continuous variable) as the outcome with adjustment for case-control status in addition to age, sex, pack-years of smoking, and DRC assay-related variables. In the discovery phase, we compared the DRC by genotypes of each autosomal SNP using an additive model. We selected a total of 384 SNPs of the significant findings from the top list of genome-wide scanning (P < 10 À3 ) and genes involved in the DNA repair pathways from the discovery set (P < 0.05) for the replication phase. To summarize the results for the discovery set and the replication set, meta-analyses for the most significant findings in the discovery set that were replicated at a P <0.05 were conducted. The analyses were done with PLINK (version 1.07; ref. 23) , STATA software, and SAS 9.2 (SAS Institute Inc.).
The effect of population substructure was assessed by using the principal component analysis in the parent lung cancer GWAS and found to be minimal because there was no evidence of genome-wide inflation of the c 2 tests that are expected to arise in the presence of population substructure (21) . The linkage disequilibrium (LD) structure of the neighboring region containing loci associated with DRC was inferred by Haploview software (v4.1; ref. 24) . The screenshot of all the known genes in the region were obtained from University of California San Francisco (UCSC) genome browser (25) .
Results
The select characteristics of the study subjects in the discovery, replication, and combined sets as well as stratified by case-control status are shown in Table 1 . The mean age was 62 years for both phases with ranges of 31 to 88 and 26 to 90, respectively. The distribution of patients with lung cancer and control subjects between the discovery and replication sets were similar (51.5% vs. 49.4% for cases and 48.5% vs. 50.6% for controls). However, there were more men in the discovery set than those in the replication set (55.6% vs. 45.3%) because only ever smokers were included in the discovery set and men were more likely to be smokers. In the replication set, 586 (42.6%) never smokers were included; therefore, the replication set had a median 13 pack-year smoking history (range 0-189) compared with 42 (range 0.05-294) in the discovery set (Table 1) .
We first evaluated the DRC distribution and its association with lung cancer risk in the 3 datasets. In the discovery phase, as shown in Table 2 , when DRC was analyzed as a continuous variable, the mean DRC was 8.33% with a range of 2.68 to 18.70% in 914 case patients and 8.88% (range, 2.09-19.91%) in 860 control subjects, representing an average 6% reduction in DRC in patients with lung cancer. Case patients in all subgroup strata consistently exhibited significantly lower mean DRC than did the control subjects ( Table 2 ). As we have previously shown, compared with men, women had significantly lower mean DRC among both case patients (P ¼ 0.002) and control subjects (P ¼ 0.027). Compared with former smokers, current smokers exhibited a higher mean DRC, especially in case patients (P ¼ 0.038). We further evaluated the effect of DRC on risk for lung cancer by logistic regression analysis. As shown in Table 2 , when DRC was fit in the model as a continuous predictor variable, without or with adjustment for age, sex, pack-years of smoking, blastogenic rate, cell storage time, baseline CAT expression, and DRC assay dates, the crude and adjusted ORs for lung cancer risk (per one DRC unit decrease) were similar and statistically significantly elevated [OR ¼ 1.07 (95% CI) ¼ 1.04-1.11) and OR ¼ 1.08 (95% CI) ¼ 1.04-1.11, respectively]. When DRC values were dichotomized by the median DRC of the control subjects, the crude OR for case status associated with low DRC was 1.32 (95% CI ¼ 1.09-1.59) and the adjusted OR associated with low DRC was 1.29 (95% CI ¼ 1.06-1.56). When the DRC values were further divided by quartile of DRC in control subjects, it was again evident that decreased DRC was associated with increased risk in a dosedependent manner. By use of the highest quartile of the DRC as the reference, the crude ORs for DRC values lower than values in the 75th, 50th, and 25th were 1.45 (95% CI ¼ 1. Table 2 . Distribution of DRC between cases and controls and its association with lung cancer in discovery and replication datasets This trend of an increasing risk with a decreasing DRC was statistically significant for both the crude and adjusted ORs (P ¼ 0.001 and P ¼ 0.004, respectively).
In the independent replication set from the same study source, as listed in Table 2 , the mean DRC was 8.40% with a range of 2.80% to 18.19% in 679 case patients and 8.91% (range, 3.38-18.53%) in 695 control subjects. The stratification analysis on DRC by sex and smoking status also showed consistently lower DRC levels in case patients than those in control subjects ( Table 2 ). However, the differences were statistically significant only in women and never smokers. The trends of DRC among strata by sex and smoking status in case patients and control subjects were similar to those in the discovery set. Never smokers exhibited the lowest DRC, and the significant differences in subgroups were more obvious in case patients (P ¼ 0.003 among smoking status and P ¼ 0.001 for female vs. male). The association of DRC with risk for lung cancer in 3 logistic regression models with DRC as a continuous variable, dichotomized, or quartiles in the replication set was almost the same as observed in the discovery phase (Table 2 ).
In the combined dataset of 3,148 study participants (1,593 patients with lung cancer and 1,555 cancer-free controls), the differences in overall and stratified DRC levels between cases and controls, as well as the association of DRC for 3 categories (i.e., continuous, dichotomized, and quartiles) with lung cancer risk were stably consistent with those found in both discovery and replication phases, but the combined results had much narrow CIs (Table 3 ). As we found and reported in previous relatively small studies (16, 17) , smoking seems to upregulate the DRC levels for BPDE-induced DNA damage in both cases and controls but more obviously in the cases, and women seem to have a lower DRC than men, as confirmed in the 2-stage and combined analysis; therefore, we further conducted the tests for interaction between DRC status and smoking status/sex as shown in Supplementary Table S1 . Although we observed some significant trends between DRC status by smoking status/sex, we did not find evidence for any multiplicative/additive interaction in this analysis.
We then evaluated the DRC phenotype and genotype correlations in the 3 datasets. In the discovery set, we tested the association of 303,669 autosomal SNPs from the GWAS using Illumina HumanHap300 BeadChip that remained after quality control with DRC in 1,774 subjects. Supplementary Figure S1 shows the Manhattan plot for the GWAS analysis of the DRC phenotype. There was no evidence of a systematic inflation of P values (genomic inflation factor l ¼ 0.9715). We further adjusted for residual population structure using the top 5 principal components derived by using the Golden Helix software. The associations observed after the adjustment were Adjusted in a logistic regression including age (years), sex, pack-year, baseline chloramphenicol acetyltransferase (CAT) activity, blastogenic rate (%), cell storage time (months), and DRC assay dates. Six cases and two controls in the replication dataset missed pack-year values.
similar in strength to the unadjusted results, suggesting a minimal effect of population substructure (data not shown). SNPs with a P < 10 À3 level in the discovery set were selected for replication in 1,374 individuals with DRC data available. A total of 319 SNPs from the discovery set were found to be significantly associated with the DRC phenotype according to this criterion. We augmented this list with an additional 65 SNPs from candidate genes in the NER pathway (Supplementary Table S2 ) that were nominally significant (P < 0.05) in the GWAS. Genotyping for the replication was conducted using the Illumina BeadXpress 384-plex platform.
As shown in Table 4 
0.032).
There was no significant evidence of heterogeneity among the discovery and replication sets (Table 4 ). All 3 SNPs are located in regions of low LD, with HapMap database SNPs being in weak to moderate LD (r 2 < 0.6). We further conducted imputations for SNPs in the HapMap database within the vicinity of these significant SNPs (AE 100 kb for rs13181 and rs7443927; AE 200 kb for rs9390123 according to LD values) using PLINK (23) and found that these SNPs remained the most significant in the corresponding regions (Supplementary Figs. S2-S4, 3 SNPs with LD plots and P values).
We also conducted a sensitivity analysis, determining the effect of these 3 SNPs in the controls only (Supplementary Table  S3 ). The SNP rs9390123 did not replicate in control subjects, with an (nonsignificant) opposite trend to that in the discovery set, whereas the results for the other 2 SNPs were consistent in control subjects and the whole sample. It could be hypothesized that rs9390123 is relevant for ever-smokers only. Indeed, if only ever-smokers were included in the replication, the trend was the same as in the discovery set, although the replication P value was not significant (P ¼ 0.2). Overall, the evidence for association for this SNP is weaker than the other two.
The modification effects of these 3 SNPs on the DRC levels, overall and in ever and never smokers are shown in Table 5 . Across all strata, the variant homozygotes of the 3 SNPs exhibited the lowest DRC and the wild-type homozygotes had the highest DRC levels. The trends were statistically significant (P 0.0001) in 3,148 study participants and in 2,562 eversmokers. However, in 586 never smokers, the significant modification effects of these three SNPs on DRC levels was only evident in the ERCC2/XPD rs13181 (P ¼ 0.0002). We also examined the modification effects of SNPs on DRC-associated lung cancer risk as presented in Supplementary Table S4 . Although we observed some differences in ORs by genotypes, in additional analysis, we did not find evidence of an interaction between the 3 SNPs and DRC status on lung cancer risk in Table 4 . SNPs with the strongest effects on DRC from the joint analysis the overall analysis and in the stratification by smoking status, which may be simply due to a limited study power.
To further support biologic plausibility of our observations, we queried the gene expression database in 90 Caucasian parents and children (CEU) at SNPexp-A web tool using the SNP genotypes from HapMap2 release 23, or HapMap3 release 3, and Genevar-the gene expression levels of lymphoblastoid cell lines derived from the same individuals (26) . We found that there was a consistent and significantly decreased trend in the expression levels of the ERCC2/XPD gene when SNP rs13181 was fitting in the additive linear regression model [P ¼ 0.0006541; 8.007 AE 0.2099 (mean AE SD) for AA genotypes, 7.885 AE 0.1899 for AC, and 7.791 AE 0.1236 for CC]. In contrast, the trend between genotypes and expression levels of the corresponding genes in the HapMap CEU population was not significant for the SNP rs9390123 in PHACTR2 and the SNP rs7443927 in DUSP1.
Discussion
In this two-phase replication study of DRC phenotypegenotype analysis, we confirmed our previous findings that low DRC was associated with significantly increased risk of lung cancer, and we then identified and replicated a number of SNPs associated with the DRC phenotype. The nonsynonymous SNP rs13181 in the ERCC2/XPD gene was found to be the most significant genetic variant predicting the DRC for removing BPDE-DNA adducts. Although it did not reach the genome-wide significance level after the joint analysis of twostage data of the study, we thought that this finding is biologically plausible.
The ERCC2/XPD gene is located on 19q13 and is a core gene in the NER pathway. It encodes a protein that functions as an ATPdependent 5 0 -3 0 helicase (27) within the basal transcription factor IIH complex that removes bulky DNA adducts by excising a 24-32 nucleotide single-strand oligomer (27, 28) . The A>C base transition of the SNP causes an amino acid change from lysine to glutamine at codon 751 (Lys751Gln). Although Lys751Gln does not reside in a known helicase/ATPase domain (29) , it is at an amino acid residue identical in human, mouse, hamster, and fish. The ERCC2/XPD gene is highly conserved in eukaryotes; the amino acid substitution suggests a functional relevance for such a highly evolutionary conserved sequence. A recent meta-analysis of ERCC2/XPD Lys751Gln polymorphism and lung cancer risk from 22 case-control studies showed that C allele was associated with significantly increased risk of lung cancer among Caucasians, especially in smokers (30, 31); whereas we did not find the same trend in the current analysis. However, the evident association between rs13181 and DRC suggests that this SNP is an important predictor for DRC, especially in never smokers who may have some limited exposure but are genetically susceptible to cancer, compared with ever smokers.
The second most significant SNP rs9390123 is located in an intron in PHACTR2 (phosphatase and actin regulator 2) on 6q24. This gene encodes the protein phosphatase and actin regulator 2 that belongs to the PHACTR family containing 4 members (PHACTR1-4), which are abundantly expressed in the nervous system (32) . Even though little is known of the proteins' function, they are suggested to regulate protein phosphatase 1 and to bind to cytoplasmic actin. It has been reported that the intron SNP rs11155313 is associated with risk of Parkinson's disease (33) , and our finding of an association between the SNP rs9390123 (not in LD with any other SNPs based on the current HapMap data) and the DRC phenotype may reveal a new chapter for the PHACTR2 significance.
The rs7443927 was found to be the next significant SNP associated with DRC. This SNP is located in the 3 0 untranslated flanking region of the DUSP1 gene that encodes the dual specificity protein phosphatase 1. The structural features of this protein are similar to members of the nonreceptor type protein-tyrosine phosphatase family. It suppresses the activation of mitogen-activated protein kinase (MAPK) by oncogenic ras in extracts of Xenopus oocytes. The gene expression can be induced in human skin fibroblasts by oxidative/heat stress and growth factors. Therefore, DUSP1 may play an important role in the human cellular response to environmental stress as well as in the negative regulation of cellular proliferation (34, 35) . The finding in the present study may suggest a new role of this gene in the DNA repair mechanism. The observed correlation between rs9390123 or rs7443927 and DRC suggest that these SNPs may be important predictors for DRC, especially in ever smokers. Intriguingly, their modification effects on DRC-associated lung cancer risk were greater in never smokers than in ever smokers, but no interaction was observed, suggesting that larger studies are warranted to further substantiate this observed difference and its biologic relevance. Several DNA repair phenotypes have been reported as biomarkers for cancer susceptibility (36) (37) (38) (39) (40) and currently available cellular DRC assays with their characteristics have been comprehensively reviewed recently (41) . In a series of case-control studies, we have shown that the DRC phenotype, measured in vitro in short-term cultured lymphocytes using the host-cell reactivation assay with a BPDE-treated reporter gene, predicts the risk of developing smoking-related cancers, including lung and head and neck cancer (16, 17, 42) . We have also conducted a pilot study using the dimethyl sulfate as a substitute to create alkylating damage for NNK [nicotinederived nitrosamine 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone], a tobacco-specific nitrosamine for lung adenoma and adenocarcinoma. In that study (43) , we have reported that DRC for N7-and O6-guanine lesion may have different repair mechanisms because we did not find a correlation between DRC for those non-BPDE-induced adducts and DRC for BPDEinduced damage in 48 patients with lung cancer and 45 cancerfree controls; however, the data did show that simultaneously measuring DRC of these 2 distinct repair pathways would enhance the risk assessment for lung adenocarcinoma. In previously published, relatively small studies, we have also shown that some genetic variants of the DNA repair genes such as XPC, ERCC2/XPD, ERCC5/XPG may be predictors of the DRC phenotype for UV-induced DNA adducts in addition to BPDE-DNA adducts (18, 19, (44) (45) (46) . For example, in an independent analysis of 333 cancer-free controls, 146 basal cell carcinoma, and 109 squamous cell carcinoma patients, we evaluated the associations between genotypes of the 5 common functional or nonsynonymous SNPs in NER/XP genes [i.e., XPC Ala499Val (C>T, rs2228000), XPC Lys939Gln (A>C, rs2228001), ERCC2/ XPD Asp312Asn (G>A, rs1799793), ERCC2/XPD Lys751Gln (A>C, rs13181), and ERCC5/XPG His1104Asp (G>C, rs17655)], and we found that all homozygotes of XP minor alleles had the lowest DRC (except for XPG, in the controls and basal cell carcinoma patients) compared with those who had the genotypes of common alleles in the same group. The increased number of variant homozygotes was associated with decreased DRC in a dose-response manner for all groups (44) . Other research groups have also reported the correlations between DNA repair genotypes and phenotypes in NER pathway, DNA strand break repair pathway, and their associations with risk of breast or prostate cancer (47) (48) (49) . However, those studies had either a small number of subjects or investigated only a few candidate SNPs.
In this comprehensive analysis of GWAS data of the DRC phenotype and genotypes with a much large sample size, we have confirmed the dominant role of genetic variation of ERCC2/XPD in predicting the DRC phenotype. However, the SNP rs13181 itself did not predict the risk of lung cancer as the DRC phenotype did, and the genotype-phenotype correlation with DRC was lower for ever smoking patients with lung cancer, suggesting the likelihood of additional genetic variations in predicting cancer risk in smokers in whom the exposure may overwhelm any genotype. Furthermore, in the Illumina HumanHap300 BeadChip, only 3 SNPs out of 22 common (10 tagging) SNPs in ERCC2/XPD (based on the current dbSNP information) were included and only rs13181 reached P < 0.05 and was replicated in predicting DRC. Therefore, further investigations on all polymorphisms of ERCC2/XPD in predicting DRC, especially in never smokers, are warranted. This is because the genetic variants are amenable to high-throughput analysis, less labor-intensive to measure, and less subjected to misclassification than measurements of the DRC phenotype in molecular epidemiologic studies.
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